Chlorination is widely used for disinfection of tap water. Residual chlorine concentrations at the ends of water supply systems must be controlled within a tight range. For example, in Japan, concentration of free residual chlorine is regulated in the range of 0.1 to 1 mg l -1 . Scaling down of monitoring instruments will promote large-scale on-line monitoring and thus improve the safety of tap water.
Introduction
Chlorination is widely used for disinfection of tap water. Residual chlorine concentrations at the ends of water supply systems must be controlled within a tight range. For example, in Japan, concentration of free residual chlorine is regulated in the range of 0.1 to 1 mg l -1 . Scaling down of monitoring instruments will promote large-scale on-line monitoring and thus improve the safety of tap water.
Several methods, most of which are based on optical or electrochemical principles, are used to detect residual chlorine. 1 Optical methods cannot be easily scaled down because of their many mechanical parts such as reagent and waste reservoirs, pump and valve system for sample and reagent handling, light source, and light detector.
On the other hand, the electrochemical amperometric technique is free of reagents and has a simple detection mechanism. Conventional amperometric analyzers often use rotating disk electrodes to provide sufficient sensitivity, but they are rather bulky and, therefore, cannot be easily miniaturized. Amperometric flow-cells provide sufficient sensitivity with good stability when the flow is laminar. However, FIA-based systems 2, 3 that use a carrier solution are rather bulky. Continuous-flow amperometric detection systems are relatively simple though they usually use a mechanical pump for introducing sample into the cell. A membranecovered amperometric detector 4 provides sufficient stability by preventing convective effects and can be fabricated on-wafer, but its sensitivity is a trade-off of stability, and the lifetime of the membrane is unknown.
For the reasons of simplicity and robustness, we miniaturized a continuous-flow amperometric detection system. The flow cell was fabricated by etching a silicon wafer and by bonding a cover glass plate onto it. A two-electrode (a platinum and an Ag/AgCl electrode) system was used for simplicity. The Ag/AgCl electrode was used as a reference electrode since the concentration of chloride ions in tap water is fairly constant. The electrode reactions taking place at the platinum working electrode (WE) and reference electrode (RE) are respectively: 4 (WE):
The concentration of chloride ions reduces near the surface of the reference electrode accompanied by the electrode reactions. This induces a potential shift of the reference electrode. Therefore, the area of the reference electrode is usually larger than that of the working electrode. In order to reduce the cell size, an array of small protrusions was formed on the etched surface on which the Ag/AgCl was formed.
The sensitivity of the cell was found to be higher and less dependent on the flow velocity at higher flow velocities. The planar flow cell can produce high flow velocity at low flow rate. Thus we constructed a simple pumpless monitoring system that uses water pressure for introducing tap water into the cell.
Experimental

Device fabrication
A silicon substrate (26 × 36 mm) was etched into a hexagonal 0.1 mm deep well with an array of small pyramidal protrusions increasing the surface area about 1.4 times. The bottom surface of the well was then covered with a 1 µm thick silver layer by sputtering. A glass plate, which has two 2 mm diameter holes, used as a sample inlet and outlet, and which has a sputtered platinum patterning on its surface, was anodically bonded onto the silicon substrate. A photograph of the cell is shown in Fig.  1 . The silver surface was then chlorinated to form an Ag/AgCl electrode.
Instrumentation
All measurements were performed using an electrochemical measurement system (ALS, Model 660). In the following, all potentials were referred to an Ag/AgCl. A mechanical pump (Micropump, Model 180) was used for introducing each sample into the cell. When water pressure was used instead of the pump, the flow cell was connected to a tap with a tube.
Sample and reagent
Free residual chlorine solutions were prepared by adding 6% NaClO solution (Oyarakkusu, PURELOX-S) to distilled water containing 100 mg l -1 NaCl or to tap water. Tap water of low free residual chlorine concentration was prepared by leaving it in a beaker for a while to reduce free residual chlorine. Concentrations of free residual chlorine in the solutions were determined by using a residual-chlorine meter (Hack, Pocket Figure 2 shows current vs. potential curves for (a) blank (100 mg l -1 NaCl solution), (b) 2 mg l -1 free residual chlorine and 100 mg l -1 NaCl solution, (c) tap water after being left in a beaker for several days (containing 0.03 mg l -1 free residual chlorine) and (d) tap water. The potential was swept from 0.5 to -0.2 V at 0.001 V s -1 . By comparing the curves (a) and (b), or the curves (c) and (d), one can see that the reduction of free residual chlorine is occurring within this potential range. By differentiating the curve (a), we measured the half-wave potential for the reduction of free residual chlorine as about 0.2 V.
Results
Current-potential curve
Calibration curve
It is known that reductions of chloramines and dissolved oxygen occur at lower potentials than that for the reduction of free residual chlorine in Pt-Ag/AgCl system, and that it is possible to neglect the interference by them to the determination of free residual chlorine by setting the potential appropriately. 5 Figure 3 shows the calibration curve for free residual chlorine in tap water at 0 V potential. The curve is linear in the range of 0 to 1.5 mg l -1 , which covers the regulated concentration range in Japan, and passes through the origin. As mentioned above, sample solutions were prepared by adding NaClO to tap water or by leaving tap water in a beaker to reduce free residual chlorine. The concentrations of chloramines and dissolved oxygen in these solutions, except that of chloramines in tap water left in a beaker, are thought to be nearly constant. Therefore, these results indicate that there is no significant interference by dissolved oxygen, chloramines or other substances. Figure 4 shows the dependence of current on flow velocity for tap water at 0 V potential. The flow velocity was calculated by dividing the flow rate by the cross section of the flow cell. Clearly, the current increases, but it saturates at higher flow velocity. This means that the sensitivity is higher and less dependent on flow velocity at higher flow velocities. Therefore, water pressure, which is not constant but is usually controlled within a range, can be used to introduce sample into the cell. Figure 5 shows the result of the continuous monitoring of tap water. The water was introduced into the cell by using water pressure. During the measurement, the flow velocity varied between 34 and 85 cm s -1 . In this range, the sensitivity is fairly insensitive to the flow velocity, as suggested from Fig. 4 . Deviation of measured concentrations was ±5.8% of the average of the maximum and the minimum during the measurement. This precision is enough to determine whether the concentration is in or out of the regulated range.
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Conclusion
It has been shown that Pt-Ag/AgCl amperometric flow cells can be formed by bonding a cover glass plate on an etched silicon substrate. The cell was found to give a calibration curve that passes through the origin and is linear between 0 and 1.5 mg l -1 free residual chlorine. A simple pumpless monitoring system that uses water pressure for introducing tap water into the cell was verified to have enough performance for determining whether the concentration of free residual chlorine is in or out of the regulated range.
